The combination of lithium ion battery (LIB) and organic (polymer) solar cells is expected to deliver versatile self-rechargeable portable energy sources, but less attention has been paid to the charging characteristics of LIB-using polymer solar cells. Here we demonstrate that the LIB packs, which were prepared by using lithium cobalt oxide (LiCoO 2 ) and graphite as a cathode and an anode, respectively, can be effectively charged by semi-solar modules of polymer:fullerene solar cells, of which bulk heterojunction (BHJ) layers are composed of poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester (PC 61 BM). Results showed that the performance of semi-solar modules was not much degraded by connecting four single solar cells in series or in parallel, but their output power density was noticeably reduced by extending the number of single cells up to eight. The charging test disclosed that the output current density is of importance to speed up the LIB charging at the same output voltage.
Introduction
Organic solar cells based on conjugated polymers, so called polymer solar cells (PSCs), have been extensively studied because of their capability for ultrathin and flexible plastic solar modules that can be rolled so as to secure high mobility [1] [2] [3] [4] [5] [6] [7] . Further advantages of PSCs include low-cost manufacturing by employing roll-to-roll processes using large-area plastic film substrates at low temperatures [4] [5] [6] [7] [8] [9] . In terms of material constructions for active layers in PSCs, bulk heterojunction (BHJ) structures have been widely used from the early works due to their huge potential for efficient charge generation and separation processes by the tremendous number of p-n junctions in bulk films [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The BHJ structures can be made by mixing electron-donating (p-type) conjugated polymers and electron-accepting materials such as polymers, small molecules, inorganic nanoparticles, etc. [20] [21] [22] [23] [24] .
To date, most research on PSCs has been focused on the enhancement of power conversion efficiency (PCE), while device stability has recently attracted keen interest because the PCE has been encouragingly improved up to >10% [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . In order to examine the potential of PSCs, however, practical approaches to utilizing PSCs are of crucial importance for further improvement. Since PSCs represent a type of energy conversion device from solar energy (photons) to electrical energy (electrons), it is important to understand how PSCs can sufficiently and stably deliver electricity to electrical devices (loads) including rechargeable batteries [41, 42] .
However, less attention has been paid to in situ charging processes for lithium ion batteries (LIBs) using PSCs, even though the pairing of solar cells and rechargeable batteries is considered the first step toward practical applications [43] [44] [45] . Taking into account the specifications of LIBs, the minimum voltage required is about >3.7 V (nominal voltage), which cannot be afforded by single PSCs. Therefore, single PSCs need to be integrated to modules via either series and/or parallel connections. A couple of solar cell modules have been reported, but actual charging experiments with LIBs have not yet been demonstrated [46] [47] [48] .
In this work, we demonstrate that single LIB packs can be stably charged with the semi-solar modules of PSCs that exhibit ca. 3.5% PCE. The PSCs were fabricated with a device geometry of normal-type structure using BHJ layers of poly(3-hexylthiophene) (P3HT) and [6, 6] -phenyl-C61-butyric acid methyl ester (PC 61 BM), while the LIB packs were fabricated using lithium hexafluorophosphate (LiPF 6 ) as an electrolyte and lithium-cobalt oxide (LiCoO 2 ) as a cathode. To meet the specifications of the LIBs fabricated, both series and parallel connections in the semi-solar modules were applied using 24 PSCs. Results showed that the LIB packs fabricated in this work could be quickly charged by employing hybrid configurations of both series and parallel connections of 24 PSCs compared to only series connections with the same output voltage.
Results
As shown in Figure 1a , the present P3HT:PC 61 BM solar cells were fabricated by employing the well-known normal-type device structure that consists of poly (3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) and lithium fluoride (LiF) as a hole-collecting buffer layer (or hole-transporting layer) and an electron-collecting buffer layer (or electron-transporting layer), respectively (see the flat energy band diagram in Figure 1b ). The dark current density-voltage (J-V) curve indicates that the present devices exhibit typical diode performances as expected from the flat energy band diagram in Figure 1b . Upon illumination with the simulated solar light (air mass 1.5 G, 100 mW/cm 2 ), the J-V curve was clearly shifted down to the negative current direction leading to the generation of photocurrent (see Figure 1c) . The short circuit current density (J SC ) of devices was 11.65 mA/cm 2 , while the open circuit voltage (V OC ) reached 0.58 V. All PSCs fabricated in this study showed well-controlled PCEs between 3.3% and 3.7% (average PCE = 3.5%). Figure 1b) . This J SC value is marginally lower, by 0.36 mA/cm 2 , than the theoretical value (46.6 mA/cm 2 ), while the V OC value was measured exactly the same as expected (see Table 1 ). Hence, it is concluded that the present P3HT:PC 61 BM solar cells can provide good performances close to the theoretical levels even after making semi-solar modules. The performance of semi-solar modules is compared according to the connection type in Figure 3 . As shown in Figure 3a , the semi-solar modules with series (S4) and parallel (P4) connections have strong advantages in terms of voltage and current, respectively. Interestingly, however, the maximum power density (P MM = FF·J SC ·V OC ) measured was quite similar between series and parallel connections even though it is achieved at different voltages (see Figure 3b ). As summarized in Table 2 , the theoretical maximum power density (P MT ) was calculated to be 14.32 mW/cm 2 for S4 and P4 by using the P MM value of a single cell (R1). The deviation between P MM and P MT was only 2.3% and 3.2% for S4 and P4, respectively. This small deviation implies that the electrical characteristics of the present solar cells cannot be significantly affected by connecting individual cells in series or parallel. To examine the charging performance of semi-solar modules based on the P3HT:PC 61 BM solar cells, lithium ion battery (LIB) packs were fabricated using graphite and lithium-cobalt oxide (LiCoO 2 ) as an anode and a cathode, respectively (see Figure 4a ). As shown in Figure 4b , the present LIB packs showed typical charging behavior of LIBs, indicative of faster charging at a higher charging rate. Here it is noted that the measured capacity of the present LIB was ca. 1.1 mAh (see Figure 4b ) at 1 C-rate, even though the theoretical capacity of LIB is up to ca. 8 mAh when it comes to the gravimetric energy density of LiCoO 2 (137 mA/g) and graphite (372 mA/g) used in this work. The reason for this can be attributable mainly to the fact that a constant current mode was applied without a mixed mode applying voltage for sufficient time for ions to move from cathode to anode. In any case, the present LIB packs, after charging, had enough capacity to turn on inorganic light-emitting devices (LEDs) (see Figure 4c) . In order to meet the minimum charging voltage (3.7 V) for the present LIB packs, an extended semi-solar module with eight single P3HT:PC 61 BM solar cells was fabricated by series connection, leading to S8, as marked with the dotted line in Figure 5a . In order to increase the output current, three S8 semi-solar modules were further connected in parallel (see the whole diagram in Figure 5a ), which is called S8_3P here. As shown in Figure 5b , the same V OC (4.54 V) was measured for both S8 and S8_3P, while the J SC value of S8_3P became almost triple compared to S8. As shown in Figure 5c , S8_3P exhibited almost 2.9 times higher maximum power density compared to S8. This result shows that the parallel connection of S8 did not cause a critical problem in terms of electrical characteristics. However, as shown in Table 3 , the fill factor (FF) value was relatively lower for S8 and S8_3P than R1 (single cell) (see Table 1 ), which can be attributed to the slightly increased contact resistances. As a result, the measured maximum power density of S8 and S8_3P was relatively lower than the theoretical value, as summarized in Table 3 . Considering the deviation in maximum power density for S8 and S8_3P, both series and parallel connections can gradually degrade the performance of semi-solar modules because the extended connections can give rise to the increased electrical resistances among cells and/or modules. Next, the extended semi-solar modules were exposed to one sun condition (100 mW/cm 2 ) from the solar simulator in order to charge the LIB packs fabricated in this work. As shown in Figure 6a , the LIB packs could be successfully charged using the extended semi-solar modules. The voltage of the LIB packs was increased from 3.0 V to 4.2 V by charging with the extended semi-solar modules. In more detail, however, the charging time was significantly reduced from ca. 2700 s to 340 s as the output current density was increased from 12.67 mA/cm 2 to 36.12 mA/cm 2 in the presence of the same output voltage. This result indicates that the output voltage from the extended semi-solar modules is enough to perform the basic charging process, while the output current density is a key factor. The C-rate, which is obtained from the charging time and the current density from the extended semi-solar modules, was 1.24 and 3.74, respectively. To briefly check the charging rate constant (β), a power-law equation (V = α·t β where α and t are the proportional constant and the charging time, respectively) was employed for the voltage-time plots on a full logarithmic scale under a stable charging regime (linear range). As shown in Figure 6b , the charging rate constant was 1.7 × 10 −4 and 1.2 × 10 −3 for S8 and S8_3P, respectively. This result reveals that the charging rate constant can be improved as high as 10-fold by making triple times the output current density though parallel connections of three S3 semi-solar modules.
Materials and Methods
Materials and Solution: P3HT (SOL4106, typical molecular weight = 50~70 kDa, polydispersity index = 1.4~1.6, regioregularity = 93~95%) and PC 61 BM were purchased from Solaris (Saint-Lazare, QC, Canada) and Nano-C (Westwood, CA, USA). The PEDOT:PSS solution (PH1000) was supplied from Clevios (Hanau, Germany) and used for hole-collecting buffer layers. The P3HT and PC 61 BM powders were dissolved at a solid concentration of 24 mg/mL in chlorobenzene (1:1 by weight), which were subjected to vigorous stirring on a magnetic stirring plate at 60 • C before spin-coating. The cathode active materials were prepared by mixing LiCoO 2 (KD-10, Umicore, Cheonan, Korea), carbon black (Super-P Li, TIMCAL, Bodio, Switzerland) and poly(vinylidene fluoride) (PVDF) (Kureha Chemical: Tokyo, Japan). The anode active materials were prepared by mixing graphite (SCMG-AR, SHOWA DENKO, Tokyo, Japan), Super-P, and PVDF. LiPF 6 was purchased from Soulbrain (Seongnam, Korea) and used for the preparation of electrolyte solution by using ethylene carbonate (EC), ethyl methyl carbonate (EMC), dimethyl carbonate (DMC), and vinylene carbonate (VC).
PSC Fabrication: The ITO-coated glass substrates were patterned to have an ITO stripe by employing typical lithography/etching processes. The patterned ITO-glass substrates were cleaned using acetone and isopropyl alcohol for 30 min in an ultrasonic bath, followed by drying with a nitrogen flow. After cleaning and drying, the ITO-glass substrates were treated under UV-ozone for 20 min in order to remove residues. The PEDOT:PSS layers were spin-coated on the cleaned ITO-glass substrates at 2500 rpm for 60 s (thickness = 50 nm) and annealed at 230 • C for 15 min [49] . Next, the P3HT:PC 61 BM BHJ layers (thickness = 60 nm) were spin-coated on top of the PEDOT:PSS layers at 1500 rpm for 30 s and annealed at 70 • C for 15 min. After soft-baking, all samples were transfered into a vacuum chamber inside an argon-filled glove box. LiF (~1 nm) and Al (~80 nm) were consecutively deposited on the BHJ layers through a shadow mask (active area = 0.09 cm 2 ) at a base pressure of 1 × 10 −6 Torr. Next, all devices were thermally annealed at 140 • C for 30 min.
LIB Fabrication: The active (cathode and anode) materials were mixed and stirred in a mortar in order to crush the crowded particles by adding N-methyl pyrrolidinone (NMP). Next, the anode (thickness = 150 µm) and cathode (thickness = 100 µm) active layers were coated by using a doctor blade on copper and aluminum foils, respectively. After coating, the coated electrodes were transferred and dried in a furnace at 200 • C for 24 h. Next, the dried anode and cathode samples were cut into dimensions of 4 × 4 cm 2 and 3 × 3 cm 2 , respectively. Then, the separators were sandwiched between the anode and cathode foils in order to prevent any direct contact between electrodes and wrapped up electrodes. The wrapped cells were rolled at 70 • C for packing between the two electrodes and separators. Next, the rolled cells were inserted into a prepared aluminum pouch and suitably filled with the LiPF 6 electrolytes. Finally, the electrolyte-injected lithium ion battery (LIB) cells (packs) were welded using a welding machine.
Measurements and Analysis: OSC devices and modules were measured under one sun condition (100 mW/cm 2 , air mass 1.5 G) using a solar simulator (92250A-1000, Newport-Oriel, Irvine, CA, USA) and an electrometer (Model 2400, Keithley, Cleveland, OH, USA). The characteristics of LIB were measured using a potentiostat (VersaSTAT 4, AMETEK, Berwyn, IL, USA) by varying the charging rate from 0.2 to 2 C-rate. The LIB electrodes and separator films were analyzed using a scanning electron microscope (SEM, JSM-6701F, JEOL, Tokyo, Japan). The charging characteristics of LIB by the semi-solar modules were measured using a specialized measurement system equipped with a nanovoltmeter (2182A, Keithley, Cleveland, OH, USA).
Conclusions
The semi-solar modules were fabricated by series and parallel connections of single P3HT:PC 61 BM solar cells and applied for charging a lithium ion battery under continuous solar light illumination. When four single cells were connected in series, the open circuit voltage was almost the same as each cell. However, the open circuit voltage was slightly lowered by extending the number of single cells up to eight. The short circuit current density was well maintained, even after connecting eight single cells in series. The deviation in the maximum power density was noticeably increased by extending the number of single cells from four to eight. In particular, the deviation was further increased by the parallel connection (S8_3P) of three semi-solar modules of eight single cells (S8) in series. The increased deviation was attributed to the increased electrical resistances by the extended number of single cells and contacts. The S8_3P semi-solar modules exhibited faster charging characteristics than the S8 modules because the output current density was higher at the same output voltage. The charging rate constant became almost 10 times higher by the ca. 3-fold increased current density. The present results can contribute to a better understanding of practical applications of organic solar cell modules and the establishment of module design rules.
